Studies of protein N-glycosylation are important for answering fundamental questions on the diverse functions of glycoproteins in plant growth and development. Here we generated and characterised a comprehensive collection of Lotus japonicus LORE1 insertion mutants, each lacking the activity of one of the 12 enzymes required for normal N-glycan maturation in the glycosylation machinery. The inactivation of the individual genes resulted in altered N-glycan patterns as documented using mass spectrometry and glycanrecognising antibodies, indicating successful identification of null mutations in the target glyco-genes. For example, both mass spectrometry and immunoblotting experiments suggest that proteins derived from the a1,3-fucosyltransferase (Lj3fuct) mutant completely lacked a1,3-core fucosylation. Mass spectrometry also suggested that the Lotus japonicus convicilin 2 was one of the main glycoproteins undergoing differential expression/N-glycosylation in the mutants. Demonstrating the functional importance of glycosylation, reduced growth and seed production phenotypes were observed for the mutant plants lacking functional mannosidase I, N-acetylglucosaminyltransferase I, and a1,3-fucosyltransferase, even though the relative protein composition and abundance appeared unaffected. The strength of our N-glycosylation mutant platform is the broad spectrum of resulting glycoprotein profiles and altered physiological phenotypes that can be produced from single, double, triple and quadruple mutants. This platform will serve as a valuable tool for elucidating the functional role of protein N-glycosylation in plants. Furthermore, this technology can be used to generate stable plant mutant lines for biopharmaceutical production of glycoproteins displaying relative homogeneous and mammalian-like N-glycosylation features.
INTRODUCTION
Post-translational modification (PTM) of proteins influence protein function, stability, localisation, and folding (Venne et al., 2014) . More than 460 different PTMs, which can be crucial for the optimal function of proteins, are known (http://www.uniprot.org/manual/mod_res). One of the most frequent PTMs is glycosylation, the addition of complex carbohydrates to polypeptide chains. It was estimated that more than 50% of all known proteins have the potential to be glycosylated (Apweiler et al., 1999) . The N-linked glycosylation maturation pathway is particular well studied in animals and plants (Aebi, 2013) . This pathway, which consists of numerous glucosidases and glycosyltransferases that functions as enzymes modifying and maturing the N-glycan precursor (Glc 3 Man 9 GlcNAc 2 ), is relatively conserved in nature, but still differs somewhat between the animal and plant kingdoms, even between the individual species within these kingdoms. Common to both plants and animals, N-glycan precursors are transferred to asparagine residues within the conserved N-X-S/T sequence (X 6 ¼ proline) of newly synthesised still unfolded polypeptide chains in the lumen of ER. Generally, the initial N-glycan trimming process that is driven by the glucosidases and mannosidases is also relatively conserved between kingdoms whereas more variation is found in the subsequent N-glycan elongation catalysed by a suite of the glycosyltransferases (Lannoo and Van Damme, 2015) . This is the reason why plant proteins display the same N-glycan types as human proteins i.e. high mannose, complex, hybrid and paucimannose, but are known to display plant-specific terminal glyco-epitopes e.g. b1,2-xylose and a1,3-fucose of the trimannosyl-chitobiose core (Castilho and Steinkellner, 2012) .
In Arabidopsis thaliana, time-resolved fluorescence imaging was used to localise the N-glycan maturation enzymes in ER and Golgi, and thereby elucidate the order of the enzymatic steps in the N-glycosylation pathway in this plant model system (Schoberer et al., 2013) . Initially, the N-glycan precursor is trimmed by the removal of two terminal a-glucose residues by the glucosidase I (AtGLU I) and AtGLU II enzymes before the Glc 1 Man 9 GlcNAc 2 -conjugated glycoproteins enter a checkpoint (quality control) for correct protein folding (Furumizu and Komeda, 2008; Soussilane et al., 2009 ). The third a-glucose residue is then cleaved by the AtGLU II enzyme. Further trimming of the amannosyl residues of these high mannose glycans (Strasser, 2014) , and processing up to complex type glycosylation, may occur if the glycans are sufficiently accessible on the surface of the now fully folded glycoproteins (ThaysenAndersen and Packer, 2012) . Specifically, the ER localised mannosidase (MAN ER) enzyme cleaves off the first mannose residue, followed by the action of mannosidase I (MAN I), which removes three additional mannose residues from the Man 8 GlcNAc 2 glycans to produce Man 5-GlcNAc 2 structures. Two genes code for AtMAN I (At3g21160 and At1g51590) in Arabidopsis thaliana and the corresponding enzymes are both located in the Golgi apparatus (Liebminger et al., 2009; Schoberer et al., 2013) . The Atman I double mutant has shorter roots and even stronger growth phenotypes are observed for the Atman ER Atman I triple mutant, whereas the single mutants of Atman ER and Atman I together with the double mutants of Atman ER Atman I do not show altered phenotypes under normal growth conditions (Liebminger et al., 2009 ). These observations suggest that some redundant substrate activity and enzymatic compensation mechanisms exist between the glyco-enzymes and points to the notion that the more processed complex and paucimannosidic type glycans are functionally important for plants. For other Arabidopsis mutants lacking N-acetylglucosaminyltransferase I (AtGnT I), AtMAN II, AtGnT II, xylosyltransferase (AtXylT), a1,3-fucosyltransferase (At3FucT), galactosyltransferase (AtGalT), and At4FucT, no altered phenotypes were observed under normal growth conditions (von Schaewen et al., 1993; Strasser et al., 1999 Strasser et al., , 2000 Strasser et al., , 2004 Strasser et al., , 2006 Strasser et al., , 2007b Wilson et al., 2001; Leonard et al., 2002; Pagny et al., 2003; Benc ur et al., 2005) . A single gene codes for each of these catalytic enzymes in the latter part of the N-glycosylation machinery of Arabidopsis thaliana except for the At3FucT enzyme, which is encoded by two redundant genes At3g19280 and At1g49710 (Strasser et al., 2004) . Thus, it appears that as long as the more processed glycoproteins can be produced in Arabidopsis thaliana, the specific glyco-epitope decoration patterns do not seem to be absolute critical for retaining normal growth and development traits under low biotic and abiotic stress. In rice, gnt I mutants that display similar N-glycan compositions as the equivalent Arabidopsis thaliana mutant, do not survive before reaching the reproductive stage, indicating that the development and growth of rice is even more dependent on the highly processed glycoproteins (Fanata et al., 2013) . Moreover, the rice xylt mutant has different growth characteristics under variable stress growth conditions (Takano et al., 2015) , no null mutant of the rice 4FucT gene coding for the 4-fucosyltransferase has been studied (Rahman et al., 2015) .
Unlike in humans and higher organisms in which paucimannosylation is now being considered as an immunecentric N-glycan type (Loke et al., 2016) important for cellcell immune communication, for fighting pathogenic infections and for the proliferation of neural progenitor cells (Dahmen et al., 2015; Thaysen-Andersen et al., 2015) , it has been established that plants constitutively and abundantly express plant-specific paucimannosidic N-glycan structures (Man 1-3 Xyl 0-1 Fuc 0-1 GlcNAc 2 ) as a common part of their glycoprotein repertoire (Dam et al., 2013; Shin et al., 2017) . Trimming of GlcNAc caps of the developing complex/hybrid N-glycan intermediates to paucimannosidic structures is catalysed by the hexosaminidases (HEXO I, II, and III) localised in the plasma or vacuole membranes. The corresponding hexo null mutants do not show any phenotypic changes under normal growth conditions in Arabidopsis thaliana (Liebminger et al., 2011) . This either demonstrates that significant enzymatic compensation mechanisms and/or substrate redundancies exist between the hexosaminidases or that protein paucimannosylation is not essential to retain these functions in plants.
Studies within the last decade showed the importance of displaying specific glycosylation patterns on specific glycosylation sites to retain optimal function and proper localisation of glycoproteins. For example, a specific Nglycosylation feature of the S-locus receptor kinase protein are crucial for the subcellular trafficking of this glycoprotein to the plasma membrane (Yamamoto et al., 2014) . Nglycosylation of the vacuolar sorting receptor in the secretory pathway has an impact on its binding affinity to cargo proteins that influence the transport of these proteins into the vacuole (Shen et al., 2014) .
For plant production of biopharmaceutical glycoproteins, it is essential to reduce the risk of immunogenic responses by controlling the levels of plant-specific xylosylation and core fucosylation using, for example, RNAi (Strasser et al., 2008) . Further humanisation of N-glycans in plants can be obtained by transferring genes coding for mammalian glycosyltransferases into genetically modified plant lines. Examples include the GnT glycosyltransferases catalysing the b1,4-and b1,6-linked tri-and tetra-antennary branching of the complex glycans as well as the b1,4-linked bisecting GlcNAc epitopes found in mammalian N-glycans (Nagels et al., 2011 (Nagels et al., , 2012 . Furthermore, the plant-specific b1,3-linked galactose feature has to be replaced with the mammalian b1,4-galactose which is an essential substrate to receive sialic acid capping, often observed in mammalian glycoproteins. However, stable tobacco lines expressing the mammalian galactosyltransferase gene showed reduced growth and developmental retardation (Schneider et al., 2015) . Plants also generally lack the pathway for generating the sialic acid sugar-donor (CMP-NeuAc) and thus N-glycan sialylation. N-glycan sialylation has been shown to be important for the biological activity and prolonged half-life of mammalian glycoproteins and biopharmaceutical glycoproteins (Varki, 2007) . The sialic acid pathway and the sialyltransferase, with a total of seven genes, were therefore introduced into tobacco for production of active N-sialoglycoproteins (Castilho et al., 2010; Jez et al., 2013) .
Herein, we used the LORE1 population of the model legume Lotus japonicus to obtain mutants for key glucosidases and glycosyltransferases in the plant N-glycosylation maturation pathway. All mutants had altered glycosylation features relative to the wild type plant, but proved to be fertile and demonstrated normal seed germination. Reduced growth phenotypes were observed for three of the 12 mutants analysed. These glycosylation mutants form a technology platform that is highly valuable to both basic and applied research since it allow glycobiologist to study the biological role of the N-glycoprotein repertoire produced by the plant. Furthermore, this genetically modified model system represents an excellent starting point for producing biopharmaceutical glycoproteins without immunogenic plant N-glycans and for introducing mammalian glycosyltransferases to produce glycoproteins with homogenous mammalian-like N-glycosylation.
RESULTS
Identification of Lotus japonicus genes coding for glycosylation enzymes in the N-glycan maturation pathway Mass spectrometry (MS)-based N-glycome profiling of Lotus japonicus seeds identified a total of 19 N-glycan structures spanning the full spectrum of high mannose, complex and paucimannosidic type N-glycans (Dam et al., 2013) . This observation indicated that Lotus japonicus possesses a typical plant N-glycan maturation pathway (Figure S1 ). Using the available Lotus japonicus genome and transcript data, genes coding for glycosidases and glycosyltransferases in the N-glycosylation pathway were identified and manually annotated (Figures 1 and S2) . Single Lotus japonicus genes were found to code for the nine ER and Golgi localised enzymes. In contrast, both the mannosidase I (MAN I) and the a1,3-fucosyltransferase (3FucT) genes have been duplicated in Arabidopsis thaliana. For the three N-acetylhexosaminidase (HEXO) isoenzymes located in the vacuole and plasma membrane, three coding genes are present in both the Lotus japonicus and Arabidopsis thaliana genomes. The gene accession numbers for the N-glycan maturation enzymes in Lotus japonicus and Arabidopsis thaliana are provided in Table S1 .
Generation and phenotypic characterisation of N-glycan maturation mutants in Lotus japonicus
To generate an N-glycan maturation mutant platform, insertion mutants were obtained using the Lotus japonicus LORE1 mutant population (Fukai et al., 2012; Urbanski et al., 2012; Malolepszy et al., 2016) . LORE1 is a low-copynumber endogenous LTR retrotransposon approximately 5 kb in size (Madsen et al., 2005; Fukai et al., 2010) that upon insertion into exonic gene regions creates loss-offunction null mutations by interruption of the reading frame (Malolepszy et al., 2016) . At least three independent alleles (plant lines) with exonic LORE1 insertion were obtained for 11 of the 12 targeted genes encoding N-glycan maturation enzymes. Only a single LORE1 insertion was detected in the 5 0 UTR of the Lotus japonicus LjHEXO III gene. Hence, this variant was the only allele for this mutant. The genomic position of the relevant LORE1 insertions is shown in Figures 1 and S2 . Gene specific RT-PCR assays of transcript levels in wild type and LORE1 insertion mutants were subsequently used to show disruption of gene function ( Figure S3 ). Transcripts were undetectable in the mutants.
Offspring from all alleles of the N-glycan maturation mutant lines germinated successfully and no clear difference in germination rates and seedling growth were observed. Significantly reduced growth and seed production phenotypes were, however, observed for three of the homozygous N-glycan maturation mutants, namely Lj3fuct, Ljgnt I, and Ljman I (Figure 2) . The heterozygote plants, in contrast, showed no altered growth phenotypes relative to the wild type. To the best of our knowledge, reduced growth has not been described in 3fuct mutants in other plant species. The most severe growth phenotype was observed in the Ljgnt I mutant plants that predominantly died before the flowering phase i.e. only two out of 18 plants of this mutant produced flowers and seeds. For the Ljman I mutants, most of the plants survived to the reproductive phase. However, they had a lower seed production compared to wild type and the Lj3fuct mutants. For the other single N-glycan maturation mutants included in this 
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Figure 1. Exon-intron structure of the Lotus japonicus N-glycan maturation genes and position of LORE1 insertions. The 12 genes in the Lotus japonicus N-glycan maturation pathway were annotated using version 3 of the Lotus japonicus genome (see also Figure S2 ). PacBio data were included in the annotation of LjXylT and Lj4FucT. Predicted full length genes were annotated for all except LjXylT where the N-terminal is lacking. The boxes indicate the relative size of exons and the length in nucleotides of each intron is indicated below. The LORE1 insertions in exons (and UTR's) are indicated and the numbers in bold are the LORE1 lines used in this study. The scale bar corresponds to 200 nucleotides. 3FucT, a1,3-fucosyltransferase; 4FucT, a1,4-fucosyltransferase; GalT, galactosyltransferase; GnT, N-acetylglucosaminyltransferase; HEXO, N-acetylhexosaminidase; Lj, Lotus japonicus; MAN, mannosidase; XylT, xylosyltransferase.
study, no altered growth and/or seed production phenotypes were observed.
The N-glycan maturation mutants displayed altered Nglycosylation
The impaired growth development of the Lj3fuct, Ljgnt I, and Ljman I mutants may relate directly to the altered Nglycan decoration of proteins arising from the dysfunctional glycosylation enzymes. Mutant glycoproteins with altered glycoepitopes may, in turn, cause deleterious effects relating to altered structure and function of the polypeptide chains. For example, incorrectly localised altered glycoproteins within the plant cell may show unusual turnover due to increased or decreased protein stability. Alternatively, the function of the individual carrier proteins may be modulated by receiving anomalous glycosylation (Sumer-Bayraktar et al., 2011) . To investigate whether the N-glycan maturation mutants showed an altered N-glycosylation phenotype relative to the wild type Lotus japonicus, immunoblotting experiment using three glycan-recognising antibodies were performed on four tissues of the plant i.e. seeds, shoots, nodules, and roots ( Figure 3 ). The anti-xylose antibody recognising the plantspecific b1,2-linked xylose residue displayed similar reactivity to glycoproteins extracted from all tissues of the wild type and all mutant plants with the exception of the Ljxylt and Ljman I mutants that showed reduced xylosylation in all four tissues. Furthermore, slightly reduced xylose features were observed in the seed, nodule, and root tissues for the Ljhexo1 mutants. The anti-fucose antibody recognising the plant-specific a1,3-linked core fucosylation showed, relative to the wild type glycoproteins, reduced reactivity to glycoproteins extracted from all tissues of the Lj3fuct and Ljman I mutants as well as the seeds of the Figure 2 . Phenotype of the N-glycan maturation mutants. Lj3fuct, Ljgnt I, and Ljman I mutants have a clear reduced growth phenotype under the growth conditions used. Ljgnt I has the most severe phenotype followed by Ljman I and Lj3fuct. The LORE1 lines 69 845, 79 313, and 65 399 were used for Lj3FucT, LjGnT I, and LjMAN I respectively. The mutants and corresponding wild type plants were followed for 10 weeks during plant development. 3FucT, a1,3-fucosyltransferase; DAG, days after germination; GnT, N-acetylglucosaminyltransferase; Lj, Lotus japonicus; MAN, mannosidase; WAG, weeks after germination.
Ljhexo1 mutants. Finally, for the anti-Lewis A (Le a ) antibody recognising the terminal Le a epitope containing the b1,3-linked galactose and a1,4-linked fucose residues, a reduced signal was observed for glycoproteins from all the Lj4fuct, Ljgalt, and Ljman I mutants, irrespective of tissue type, relative to the wild type glycoproteins (Figure 3 ). The immunoblotting data of the Ljman I mutants indicated an abundance of high mannose structures in these plant lines due to their negligible reactivity towards the three glycan-recognising antibodies all targeting epitope features of more processed glycans. The Ljman I allele with a LORE1 insertion in 5 0 UTR ( Figure 1 ) showed a stronger immunoblotting signal in most tissues compared to the other two Ljman I alleles. However, no significant differences in the resulting phenotypes were observed between the Ljman I mutants, which all showed reduced growth and seed production relative to the wild type. For the Ljman II mutant alleles, weaker anti-xylose antibody reactivity was observed. In contrast, little or no differences in the signal intensity was observed for this mutant line using the anti-fucose and anti-Le a antibodies ( Figure S4 ).
To verify the altered N-glycosylation of the generated Lotus japonicus mutants, N-glycans released from their carrier proteins were characterised from seed extracts using PGC-LC-MS/MS. As expected, the N-glycan profile of wild type seed proteins, which included 24 N-glycan structures spanning 18 monosaccharide compositions, strongly resembled our previously reported profile of Lotus japonicus (Dam et al., 2013 ) (see Table S2 for details of the identified N-glycans). The N-glycan type distribution of the wild type proteins differed in general from the distribution of the mutant proteins (Figure 4a ). For example, the Ljman I mutant displayed, as expected, a much greater proportion of immature N-glycans relative to the wild type, demonstrating the inability of this mutant to process N-glycans beyond the high mannose series due to a dysfunctional mannosidase. In addition, as could be predicted from the known pathway, the LjHEXO1-2 mutants showed reduced paucimannosylation relative to the wild type plant due to the reduced capacity to remove GlcNAc cappings of complex N-glycans; LjHEXO2 surprisingly produced a corresponding accumulation of high mannose N-glycans, whereas LjHEXO1 accumulated complex type N-glycans. Breaking down the glycome profiles to the individual glycan features confirmed the glycoprotein modulation of other maturation mutants. For example, the Lj3fuct mutants displayed, as expected, negligible amount of core a1,3-fucosylation of the complex and paucimannosidic Nglycans that are known to be able to receive this modification, due to a deficiency of active a1,3-fucosyltransferase (Figure 4b ). In contrast these features were abundant on the complex and paucimannosidic N-glycans in the wild type and in the other mutants. The significant loss of antia1,3-fucose reactivity of proteins from the Ljman I mutants could be explained by the reduced capacity for producing complex type glycans, the substrate for core fucosylation. Similarly, the LjGalT mutants displayed increased GlcNAc capping at the non-reducing end of N-glycans and a concomitant reduction in terminal galactosylation and antenna a1,4 fucosylation (Table S2 ) thereby supporting the immunoblotting data. Relative to the wild type, the Lj4FucT mutants lacked capacity to generate terminal galactose and a1,4-fucosylated epitopes on the glycan outer antennae (Table S2) . Taken together, the MS and immunoblotting data strongly suggest that the N-glycan pattern is highly affected in the N-glycan maturation mutants due to the complete or near-complete loss of the activity of the respective glycosylation enzymes. Interestingly, the general protein pattern and the relative abundance between major proteins seemed to be similar across the mutant alleles and wildtype plants ( Figures S4b and S5 ).
For the Ljgnt II mutants, no reduced immunoblotting signals were observed relative to the wild type when probing the extracted glycoproteins with the three glycoepitoperecognising antibodies (Figure 3 ). This is not too surprising as mutants deficient in N-acetylglucosaminyltransferase II, an enzyme that catalyses the formation of biantennary complex type N-glycoproteins, are still, in principle, capable of generating highly processed glycan features including xylosylation and fucosylation. We previously showed that a predicted peptidase from the globulin fraction of wild type Lotus japonicus seeds is glycosylated with complex biantennary N-glycans (Dam et al., 2013) . Thus, to verify the lack of functional N-acetylglucosaminyltransferase II of the Ljgnt II mutant, the globulin fraction was firstly extracted from seeds of this mutant and wild type Lotus japonicus and then the predicted peptidase was secondly identified and the glycopeptides characterised by MS after the proteins were separated on 2-D gels (see Figure S6 ). As expected, signals corresponding to GlcNAc 2 Man 3 Xyl 1-Fuc 1 GlcNAc 2 conjugated peptides were identified from the wild type peptidase. In contrast, these biantennary complex type glycopeptides were lacking in the Ljgnt II peptidase spectra, which instead showed strong signals corresponding to a mono-antennae complex type glycopeptide with the monosaccharide composition GlcNAc 1-Man 3 Xyl 1 Fuc 1 GlcNAc 2 ( Figure S7) . Thus, the MS data strongly indicate that the LjGnT II enzyme is non-functional in the Ljgnt II mutants.
Differential target proteins for the hexosaminidase isoenzymes
In Arabidopsis thaliana, the AtHEXO I (LjHEXO1) and AtHEXO III (LjHEXO2) genes are transcribed and the functional hexosaminidase enzymes, which are responsible for generating paucimannose-type glycans, are found in various tissues (Liebminger et al., 2011 corresponding enzyme activity was observed (Strasser et al., 2007a) . To quantify the transcriptional activity for all three LjHEXO genes in Lotus japonicus wildtype shoot, root, and nodule tissues, the mRNA levels were determined by qPCR ( Figure S8 ). These data strongly indicate that all three Lotus japonicus HEXO genes were expressed in the three investigated tissues. The expression patterns of roots and nodules differed from the shoots. The expression level of LjHEXO2 was approximately three times higher in the roots and nodules than in the shoots, whereas the expression of LjHEXO3 was approximately twofold higher in shoots compared with the roots/nodules. The expression level of LjHEXO1 appeared to be similar in all the tissues analysed.
The immunoblotting experiments indicated different anti-xylose antibody reactivity to glycoproteins extracted from seeds of the Ljhexo1 and Ljhexo2 mutants, Figure 3 . To enable further characterisation of this observation, the globulin fractions from mature Ljhexo1 and Ljhexo2 mutant and wild type seeds were extracted and immunoblotting using the xylose antibody was carried out ( Figure S8b ). The Ljhexo1 mutant plants displayed reduced xylosylation for at least four protein gel bands appearing with different molecular weights when compared to the Ljhexo2 mutant/wild type plants. Previously only high mannose structures have been detected to be carried by LCP2, a typical convicilin legume seed storage protein localised in the storage vacuoles (Dam et al., 2013) . However, the Ara h 1 allergen orthologue in peanut was also shown to express paucimannosidic structures carrying xylose residues (Kolarich and Altmann, 2000) . Detailed MS analysis of the seed globulin proteins isolated from the Ljhexo1 and Ljhexo2 mutants revealed the presence of b1,2-linked xylose and is consistent with previous findings (Dam et al., 2013) . However, additional xylosylation of the paucimannosidic N-glycans in these mutants do not seem to be affected and was observed to be consistent in their relative abundance compared with the wild type. Altogether, the data indicates a differential level of xylose on LCP2 between the Ljhexo1 and Ljhexo2 mutants.
DISCUSSION
In this study, we show that the LORE1 mutant collection can be used to investigate a complete pathway and not only single traits as previously demonstrated (Kawaharada et al., 2015; Malolepszy et al., 2016) . We have generated and characterised a unique set of N-glycan maturation mutants in Lotus japonicus by systematically deconstructing the complex enzymatic maturation pathway of protein N-glycosylation using the LORE1 mutant population (www. lotus.au.dk). All N-glycan maturation mutants except LjGnT I and LjMAN ER had altered N-glycosylation patterns as visualised by immunoblotting using glycoepitope-reactive antibodies and supported by MS, which together confirmed the deleterious insertions in the 12 investigated glyco-genes. The general protein pattern of major proteins and their relative abundances seemed unaffected between all the N-glycan maturation mutants and wild type seeds. The unaffected protein machinery in these mutants is an advantageous feature since one of the proposed functions of this mutant library is to serve as a tool for studying the functional influence of altered N-glycosylation (and not altered proteomes) in Lotus japonicus biology. Moreover, the N-glycan maturation mutant technology has in theory unlimited combinatorial possibilities for expansion to also include double, triple and quadruple mutants by performing crosses with the individual N-glycan maturation mutants. We are currently investigating the feasibility of such expansions of the mutant library and in this context it is beneficial that none of the glyco-genes investigated in this study appear to be closely linked meaning that recombination should not be a limitation.
Customised and simple (homogenous) N-glycosylation pattern is of high interest for both basic and applied research. Deconstruction of the N-glycan maturation pathway has been performed in different species. For example, in Chinese hamster ovary (CHO) cells, the mammalian Nglycan maturation pathway was engineered and deconstructed using the zinc finger nuclease strategy. Numerous CHO cell lines are now available with a simplified and rather homogenous N-glycosylation patterns (Yang et al., 2015) . In addition, in HEK293S cells lacking GnT I activity, the high mannose structures were cleaved using an Endo H-like enzyme, followed by the addition of trisaccharide moieties to the remaining Asn-conjugated GlcNAc residues. This simplification of the N-glycan epitopes provided a more homogenous N-glycosylation pattern, a technology known as 'GlycoDelete' (Meuris et al., 2014) . GlycoDelete was also recently applied to Arabidopsis thaliana seeds (Piron et al., 2015) and would have potential applications together with our Lotus japonicus mutants for the production of a new generation of biopharmaceutical glycoproteins where the aim is to avoid introducing potentially immunogenic epitopes by tweaking the glycosylation Figure 3 . Altered N-glycan pattern in the different glycosylation mutants. Total protein extraction was performed from mature seeds and 6-week-old shoot, nodule, and root tissues from the glycosylation mutants and wild type. Three antibodies against xylose (anti-xylose), core-fucose (anti-3fucose), and Le a (anti-Le a ) sugars were used and the immunoblot for each tissue and antibody is shown in the figure. The numbers below the Lotus mutants correspond to the LORE1 lines used for total protein extraction. 3fuct, a1,3-fucosyltransferase; 4fuct, a1,4-fucosyltransferase; galt, galactosyltransferase; gnt, N-acetylglucosaminyltransferase; hexo, N-acetylhexosaminidase; Lj, Lotus japonicus; man, mannosidase; xylt, xylosyltransferase; WT, wild type. Consortium of Functional Glycomics (CFG) nomenclature has been used for the N-glycans: blue square, N-acetylglucosamine; red triangle, fucose; white star, xylose; green circle, mannose; yellow circle, galactose. machinery to synthesise proteins with more homogenous mammalian-like glycosylation patterns.
The Lotus japonicus N-glycan maturation pathway
In 2013, Schoberer and co-workers completed an excellent study in Arabidopsis thaliana using time-resolved fluorescence imaging to define the order of the enzymatic steps in the N-glycan maturation pathway (Schoberer et al., 2013) . Our data in Lotus japonicus corroborated the N-glycan maturation pathway in Arabidopsis thaliana (Figure S1 ). Our data clearly showed that trimming of the Man 8 GlcNAc 2 to Man 5 GlcNAc 2 by LjMAN I is a prerequisite to create complex structures that can receive xylosylation and fucosylation of the trimannosylchitobiose core. This is in line with the observation that Atman I double mutants predominantly express glycoproteins with Man 8 GlcNAc 2 structures (Liebminger et al., 2009) . Our data on the complex type GlcNAc 1 Fuc 1 Man 3 GlcNAc 2 glycan may be explained by an increased xylosylation compared to the hybrid-type GlcNAc 1 Fuc 1 Man 5 GlcNAc 2 (Ljman II mutant) whereas terminal Le a formation on b1,2-GlcNAc residues on the 3 0 -mannose arm and core fucosylation seem unaffected. For the Ljgnt II mutants lacking a terminal b1,2-GlcNAc residue on the 6 0 -mannose arm our data suggest a higher level of core fucosylation and xylosylation together with increased Le a structures, indicating that the GlcNAc 1-Man 3 GlcNAc 2 is a better acceptor substrate of these glycan features than the GlcNAc 2 Man 3 GlcNAc 2 structure. However, further work is needed to confirm this hypothesis. In sum, the N-glycan maturation pathway in Arabidopsis thaliana is largely supported by our observations in Lotus japonicus thereby suggesting that the N-glycosylation machinery in these plant model systems is highly conserved.
Specific N-glycosylation patterns are essential for normal plant development
Visually, Arabidopsis thaliana mutants with single N-glycoenzyme deficiencies display no altered phenotypes when grown under normal conditions. This may be surprising when considering the large number of proteins that are subject to N-glycosylation and are therefore affected by the unusual glycosylation pattern caused by impaired glycosylation machineries. Relative abundance reduced growth and seed production phenotypes were observed in particular for the Lj3fuct mutant. This is in contrast to the lack of growth and developmental effects in the double At3fucta/At3fuctb mutant in Arabidopsis thaliana and Physcomitrella as well as the RNAi knock-down of 3FucT in alfalfa (Koprivova et al., 2004; Strasser et al., 2004; Sourrouille et al., 2008) . The Ljgnt I mutants displayed the most detrimental growth phenotype. Only few mutant plants produced seeds but the seeds obtained germinated normally under the conditions used. We observed that by minimising the biotic and abiotic stress, increased the number of Ljgnt I mutants entering the reproduction stage. In contrast, the Atgnt I mutants display no growth changes under normal growth conditions (von Schaewen et al., 1993) , whereas the rice gnt I mutants typically died prior to flowering (Fanata et al., 2013) .
In Lotus japonicus, a single gene codes for MAN I whereas in Arabidopsis thaliana, two redundant genes code for MAN I (Strasser et al., 2004; Liebminger et al., 2009) . All the Ljman I mutant alleles including the line with a LORE insertion in 5 0 UTR, had a strongly reduced growth phenotype with less than 10% seed production relative to the wild type plant. Thus, it seems that plant development is more affected in Lotus japonicus than in Arabidopsis thaliana where shorter roots were observed in the Atman I double mutant (Liebminger et al., 2009) .
Altogether, clearly altered Lotus japonicus growth and seed production phenotypes were observed for three of the 12 N-glycan maturation mutants.
Tissue/protein specificity of the hexosaminidase isoenzymes All three LjHEXO genes are expressed in Lotus japonicus, but their expression pattern and enzymatic activities seem to differ between tissues, especially in seeds. In Arabidopsis thaliana, the AtHEXOI and AtHEXOIII enzymes are mainly localised in the vacuole and plasma membrane, respectively (Liebminger et al., 2011) . Given that a reduction of immunoblotting signal for LCP2 was observed, this indicates a co-localisation of LjHEXO1 and LCP2, probably in the vacuole ( Figure S8b) . The transcript levels of all three AtHEXO genes were found to be similar (Strasser et al., 2007a) , whereas for the tissues analysed in Lotus japonicus, two to threefold changes were observed for LjHEXO2 and LjHEXO3. Further studies are needed in Lotus japonicus to achieve a more detailed functional characterisation of the LjHEXO isoenzyme family perhaps through the inclusion of more LORE1 insertions in the LjHEXO3 gene.
Allele differences in the N-glycan maturation genes
At least three independent LORE1 lines with an exonic LORE1 insertion were available for all N-glycan maturation genes, except LjHEXO3. The LORE1 lines with exonic insertions seem to be largely complete lossof-function mutants. The only exception is the two most C-terminal alleles of the LjGalT gene (LORE1 lines 7914 and 30907) where minor immunoblotting signal using the anti-Le a antibody was observed, suggesting residual activity of the LjGalT enzyme ( Figure S9 ). Two LORE1 lines (39471 and 32296) with insertion in the 5 0 UTR of the LjMAN I gene were selected and it was observed that both mutant lines had reduced growth and seed production phenotypes similar to the mutant alleles with LORE1 exonic insertion. This indicated a non-functional LjMAN I enzyme. Interestingly, the immunoblotting of the Ljman I LORE1 exonic and 5 0 UTR insertion mutants showed different results. Weak signals were observed in the exonic Ljman I mutants but more intense signals were detected in the 5 0 UTR Ljman I mutant. This indicated a partially functional LjMAN I enzyme in the 5 0 UTR mutant alleles. However, the enzyme may not have sufficient activity or may not be localised correctly in the Golgi apparatus.
In conclusion, the generated N-glycan maturation mutants presented here form a set of non-genetically modified organisms (GMO) with a deconstructed and more simplified N-glycan pattern. There is no limitation to the number of different plant mutants that can be generated using this technology and this tool provides a valuable resource to systematically investigate the biological importance of plant N-glycosylation in plant development and growth, in food allergy and in pathogen-host relationships (Trempel et al., 2016) . Furthermore, plant-specific N-glycosylation can also be completely eliminated and replaced by mammalian N-glycan glycosyltransferase genes to generate stable Lotus japonicus plant lines for the pharmaceutical production of more efficacious glycoproteins with fewer side effects. Taken together, a library of glycosylation mutants in Lotus japonicus has here been generated and characterised in which it is possible to study the structure and function relationship of glycoproteins under normal and perturbed conditions in a biological complex system.
EXPERIMENTAL PROCEDURES Plant materials and genotyping
Seeds from the LORE1 mutant resource (Fukai et al., 2012; Urbanski et al., 2012) were ordered on Lotus Base (Aarhus University, Aarhus, Denmark, https://lotus.au.dk/) to generate the N-glycan maturation mutant platform in the Lotus japonicus Gifu ecotype (Handberg and Stougaard, 1992) . These seeds were germinated as previously described (Dam et al., 2014) and grown on ½B5 medium (0.1 mM MgCl 2 , 1.525 g L À1 Gamborg B5 medium, 0.8% Phytagel, pH 5.5, autoclaved and then 500 ll L À1 Gamborg vitamins was added) plates. For DNA extraction and genotyping, one leaf was collected in an Eppendorf tube (Sarstedt AG & Co., N€ umbrecht, Germany) from each seedling together with a 3 mm tungsten carbide bead in 400 ll extraction buffer (200 mM TrisHCl, pH 7.5, 250 mM NaCl, 25 mM EDTA and 0.5% w/v SDS) and homogenised using a tissuelyzer for 3 min at 27 Hz. The sample was centrifuged for 10 min at 16 000 g and the upper 300 ll was transferred into a new Eppendorf tube with 300 ll isopropanol and inverted twice. The sample was centrifuged for 15 min at 16 000 g. The precipitated DNA was washed once in 300 ll 70% EtOH and air-dried. The dry pellet was resuspended in 50 ll TE buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, pH 8.0) and PCR was performed using the primers suggested on Lotus Base to identify wild type, heterozygous, and homozygous mutant plants for the N-glycan maturation gene of interest. The seedlings of interest (mutant, heterozygous, and corresponding wild type plants) were transferred to the greenhouse using published conditions (Nautrup-Pedersen et al., 2010) and grown for seed production. For phenotypic characterisation, mutant and wild type plants were grown on ½B5 medium plates and subsequently transferred to the greenhouse.
Gene annotation
The N-glycan maturation pathway is assumed to be similar between Lotus japonicus and Arabidopsis thaliana due to identical N-glycans identified for the two species. Using the Lotus japonicus genome version v3.0, the Lotus japonicus N-glycan maturation genes were investigated for homology using BLAST (https:// blast.ncbi.nlm.nih.gov/Blast.cgi) searches against its own genome to detect any gene duplicates; these were only found for the LjHEXO genes and an incorrectly annotated LjGnT II gene. For few of the N-glycan maturation genes, the full length sequence was lacking. In these cases, the Lotus japonicus PacBIO data was included to obtain additional genome sequence information. Then, the freely available gene prediction software softberry FGE-NESH (http://linux1.softberry.com/) was used to predict the exonintron gene structure of the genes and, for further confirmation of the exon-intron gene structure, the Lotus japonicus RNAseq data was used. Finally, the Lotus japonicus genes were aligned against the annotated orthologues in Arabidopsis. All this information was combined and used for making the gene models presented in Figures 1 and S2 .
RT-PCR of the LjHEXO genes
Total mRNA was extracted from shoots, nodules and roots from 6-week-old wild type plants growing in the greenhouse using a Thermo Fischer mRNA DIRECT Kit (Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer's protocols. For nodule biogenesis, plants were inoculated 2 weeks after germination with the NZP2235 Rhizobia strain. cDNA was synthesised using standard protocols and relative expression levels were calibrated using an ATP synthase housekeeping gene. Quantitative RT-PCR was performed using Roche LightCycler 480 SYBR Green I Master on a Roche LightCycler 480 Instrument II (Roche Diagnostics A/S, Hvidovre, Denmark) with calculations carried out using the manufacturer's supplied software. Experiments were performed with three biological replicates and two technical replicates each. Primers and run conditions for amplification of LjHEXO1, LjHEXO2 and LjHEXO3 target sequences are listed in Table S3 . For non-quantitative RT-PCR, mRNA was extracted from 3 weeks old whole plants using Thermo Fischer mRNA DIRECT Kit, according to the manufacturers protocols. cDNA was synthesised using standard protocols and relative cDNA levels were verified using a Roche LightCycler 480 SYBR Green I Master on a Roche LightCycler 480 Instrument II. RT-PCR was performed using standard PCR protocols, using the primers ATGTGCATTTTAAGACAGGG and GAACGTAGAA-GATTGCCTGAA for a ubiquitin-conjugating enzyme (Lj1g3v2063210) or using primers for the genes listed in Table S4 .
Preparation of protein extractions
The seed globulin proteins were extracted from the wild type and the N-glycan maturation mutants by grinding 15 mature seeds in a mortar together with a few grains of quartz sand. Then, 1.5 ml H 2 O was added and the seed tissue was transferred into Eppendorf tubes and centrifuged for 10 min at 16 000 g at 4°C. The supernatant was discarded and the pellet was resuspended in 1 ml H 2 O, incubated on a shaker for 5 min, centrifuged for 10 min at 16 000 g at 4°C, and the supernatant was discarded. The pellet was resuspended in 1 ml globulin extraction buffer (100 mM Tris pH 8.0, 1 M NaCl) and incubated on a shaker for 10 min and centrifuged for 10 min at 16 000 g at 4°C. The supernatant was transferred into a new tube and 5 ml 10% TCA in acetone was added and incubated at À20°C for 45 min. The precipitated globulin proteins were centrifuged for 5 min at 9300 g at 4°C and the pellet was washed twice with ice-cold 80% acetone. The supernatant was discarded and the pellet was air-dried. Finally, the pellet was dissolved in 20 ll sample buffer (0.23 M ammediol, 0.17 M HCl, 40% glycerol, 0.10 M SDS, and 1 g L À1 bromophenolblue) per seed.
For total protein extraction, the shoot, root, nodule, and seed tissues were ground in liquid nitrogen and the tissue was transferred to an Eppendorf tube. Then, 500 ll buffer A (2% SDS, 25 mM DTT in PBS (10 mM PO 4 3À , 137 mM NaCl, and 2.7 mM KCl, pH 7.4)) was added and incubated on a shaker for 10 min and centrifuged for 5 min at 16 000 g at 4°C. The supernatant was transferred to a new tube containing 150 ll (33% (w/v) sucrose and 7% (w/v) SDS) and inverted 10 times. Then, 400 ll phenol (AppliChem GmbH, Darmstadt, Germany) was added and vortexed for 30 sec followed by centrifugation at 16 000 g at 4°C. The lower phase containing the solubilised proteins was transferred to a new tube and five volumes of 100 mM ammonium acetate in methanol were added. The sample was incubated at À20°C for 45 min and centrifuged for 15 min at 9300 g at 4°C and the supernatant discarded. The protein pellet was washed twice in 80% acetone and the pellet was dissolved in sample buffer to the following concentrations; shoot, 2 mg ll 
SDS-PAGE and immunoblotting
Home-made and precast gels were used for SDS-PAGE followed by immunoblotting. The home-made 12% separation gel (0.1% (w/ v) SDS, 0.38 M Tris-HCl, pH 8.8, 30% of 40% (12%) acrylamide (29:1), 0.05% TEMED, and 0.05% APS) was made and on top of this a stacking gel (0.1% (w/v) SDS, 0.125 M Tris-HCl, pH 6.8, 12.5% of 40% (5%) acrylamide (29:1), 0.12% TEMED, and 0.06% APS) was performed. For precast gels, the Bio-Rad Criterion system (Bio-Rad Laboratories, Copenhagen, Denmark) was used where the Criterion gels (Bio-Rad any kD Criterion TGX Gel, 26 well, 15 ll,) were used using the Criterion TM Vertical Electrophoresis Cell (Bio-Rad Laboratories) system. For SDS-PAGE, the SDS running buffer (192 mM glycine, 25 mM Tris, 1% (w/v) SDS) was used for both systems together with a prestained ladder (PageRuler TM (Thermo Fisher Scientific) plus, product#26619) and the SDS-PAGE was run until the blue front was running out of the gel. The 2-D SDS-PAGE gels were run as we have described previously (Dam et al., 2009) .
For immunoblotting, the home-made gel was transferred to a semi-dry blotting system where three pieces of Whatman filter paper were soaked in blotting buffer (25 mM Tris, 0.2 M glycine, 20% EtOH). The polyvinylidene fluoride (PVDF) membrane (PVDFPlus, 0.45 um, Frisenette) was activated by 96% EtOH, then 50% EtOH, and finally transferred to the blotting buffer. A sandwich of Whatman filter paper, PVDF membrane and the SDS gel with separated proteins was made and the proteins were transferred to the PVDF membrane by blotting for 70 min at 100 mA.
For the precast gel, the proteins were transferred to the commercial PVDF membrane (TransBlot Turbo Midi PVDF, Bio-Rad Laboratories) using the Bio-Rad TransBlot â Turbo TM Transfer System where the membrane was blotted for 7 min using the premade turbo midi gel program.
After blotting, both types of membranes were blocked in TBSblotto buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween and 3% (w/v) skimmed milk powder) for 1 h. Following this, membranes were incubated overnight at 4°C in TBS-blotto with one of the following three primary antibodies: anti-a1,3-fucose (Agrisera, AS07 268) 1:12000, anti-b1,2-xylose (Agrisera, AS07 267; Agrisera AB, V€ ann€ as, Sweden) 1:10000, or JIM84 (complex carbohydrate research center, USA) 1:1250. Membranes were then washed in TBS-T (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Tween) for 3 9 10 min and incubated in a secondary anti-rabbit antibody (for the anti-a1,3-fucose and antib1,2-xylose) for 1 h (Sigma-Aldrich Chemie GmbH, Brøndby, Denmark, alkaline phosphatase-conjugated, 1:30 000 dilution) or a secondary anti-rat antibody (for the anti-JIM84 antibody) (Calbiochem, horse radish peroxide-conjugated, 1:6000 dilution) for 2 h, in TBS-blotto depending on the primary antibody used. After 3 9 10 min wash in TBS-T, the anti-rabbit treated membranes were incubated in alkaline phosphatase buffer (100 mM Tris-HCl, 100 mM NaCl, 5 mM MgCl 2 ) for 5 min and then incubated in CDP-star chemiluminescent substrate (Sigma-Aldrich Chemie GmbH) for 5 min. The anti-rat treated membranes were incubated in ECL solution (GE Healthcare Danmark A/S, Brøndby, Denmark) A and B mixed 1:1 for 4 min. For both the anti-rabbit antibody and anti-rat antibody incubated membranes, the signals were visualised using Amersham Hyperfilm ECL (GE Healthcare Danmark A/S, Autoradiographyfilm, Amersham Hyperfilm TM , ECL TM ) using developer and fixer solutions according to the manufacturer's instructions.
MS-based protein identification
For protein identification, the corresponding bands and spots of 1-D and 2-D SDS-PAGE were excised and the proteins were tryptic digested as described before (Nautrup-Pedersen et al., 2010) . The peptides were desalted using home-made C18 columns and washed. Then the peptides were eluted and applied on a MALDI target using 0.5 ll of 20 mg ml À1 2,5-dihydroxybenzoic acid in 70% acetonitrile/0.1% (v/v) TFA. MS and MS/MS spectra of relevant precursor ions were recorded using a 4800 Plus MALDI TOF/ TOF Analyzer (AB SCIEX, Applied Biosystems/MDS SCIEX, Foster City, CA, USA) mass spectrometer, operated in reflector, positive ion mode and using an acceleration voltage of 20 kV. The mass range was set to m/z 700-5000 and different laser intensities and numbers of laser exposures to obtain an optimal spectrum were used. The obtained MS and MS/MS spectra were combined and searched against an in-house Lotus database version 2.5 as reported (Dam et al., 2014) for protein identification. For the peptidase, the MS spectra for wild type and the Ljgnt II mutants were compared and some of the MS/MS spectra corresponding to Nglycopeptides were manually annotated.
N-glycan release and handling
Acetone precipitated proteins extracted from wild type and mutant Lotus japonicus seed globulins (n = 3 for each variant) were reduced using 10 mM dithiothreitol (final concentration) for 45 min at 56°C and alkylated using 25 mM iodoacetamide (final concentration) for 30 min in the dark at room temperature. Subsequently, proteins (approximately 20 lg) were dot blotted on a primed 0.45 lm PVDF membrane (Millipore, Bayswater, Australia) and allowed to dry overnight before staining with Direct Blue (Sigma-Aldrich Chemie GmbH). The protein spots were then excised and washed in separate wells in a flat bottom polypropylene 96-well plate (Corning Life Sciences, Melbourne, Australia). N-glycans were released and prepared from the membranes as previously described (Jensen et al., 2012) . In brief, 60 lU N-glycosidase A (GKE-5011, almond-derived, Prozyme) was used in a 10 ll 50 mM citrate-phosphate buffer (pH 5.0) for 16 h at 37°C. Released N-glycans were incubated with 100 mM ammonium acetate (pH 5.0) for 1 h at room temperature to convert the reducing end glycosylamines (ÀNH 2 ) of the N-glycans to hydroxyl groups (ÀOH) for subsequent reduction to alditols. Glycan reduction was performed with 1 M sodium borohydride in 50 mM potassium hydroxide for 3 h at 50°C. The reaction was quenched using glacial acetic acid. Dual desalting steps were performed using solid phase extraction (SPE) in micro-column formats with strong cation exchange/C18 (where N-glycans are not retained) and porous graphitised carbon (PGC) (where N-glycans are retained) stationary phases. Elution from the PGC-SPE was performed with 40% (v/v) acetonitrile (ACN) containing 0.05% (v/v) trifluoroacetic acid (TFA) and the eluates were dried by vacuum centrifugation. Samples were taken up in 6 ll of water and analysed using PGC liquid chromatography electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS).
PGC-LC-ESI-MS/MS-based N-glycome profiling
N-glycans were analysed using capillary LC-MS/MS (Dionex Ultimate 3000) on an ESI linear ion trap mass spectrometer (LTQ Velos Pro, Thermo Scientific, Melbourne, Australia). Samples were injected onto a PGC-LC capillary column (Hypercarb KAPPA, 5 lm particle size, 200 A pore size, 180 lm inner diameter 9 100 mm length, Thermo Scientific) kept at 50°C. Separation of N-glycans was carried out over a linear gradient of 2-32% ACN/10 mM ammonium bicarbonate for 75 min at a constant flow rate of 4 ll min À1 . The sample injection volume was 4 ll. The acquisition range was m/z 380-2000. The acquisition was performed in negative ionisation polarity with an electrospray voltage of 4.0 kV, capillary voltage of À14.9 kV and capillary temperature of 310°C. Data-dependent acquisition were used where the top nine most abundant precursors in each full scan spectrum were selected for MS/MS using collision induced dissociation (CID) at a normalised collision energy of 35%. A minimum signal of 300 counts was required for MS/MS. The precursor isolation width was m/z 1.0 and the activation time was 10 msec. The mass spectrometer was calibrated using a tune mix (Thermo Scientific). Mass spectra were viewed and analysed using Xcalibur V2.2 (Thermo Scientific). Glycoworkbench assisted in the annotation and visualisation of the N-glycan structures (Ceroni et al., 2008) . glycome data. The relative distribution of the individual N-glycans were estimated based on the relative peak area of the extracted ion chromatograms (EICs) of all observed charge states of each Nglycan out of the total EIC peak area of all observed N-glycans (Leymarie et al., 2013) . Monosaccharide linkages were annotated based on the established knowledge of plant protein N-glycosylation (Faye et al., 2005; Dam et al., 2013) .
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